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Abstract: First results of the Muon Spaceweather Telescope for Anisotropies at Greifswald (MuSTANnG)
that is dedicated to spaceweather forecasting are reported.

The near Earth space is normally surrounded by athe order of up to about 2000 km/s), it carries the
nearly isotropic intensity of primary cosmic rays information about the CME and the shock region
from the Galaxy. Apart from particles associated to Earth far ahead of the shock. The CME/shock
with solar flares, the cosmic radiation comes from affected primary cosmic ray particles thus arrive
outside the solar system and it is mainly com- at Earth much earlier than the Earth approaching
posed of protons and helium ions, other heavy nu- CME and thus may be used to forecast the ap-
clei, and electrons. The incoming charged parti- proaching space weather hazard.

cles interact and are slightly modulated by the solar

wind. A further modulation of Sun-ward directed

anisotropy of cosmic ray intensity occurs in the Muon telescope set-up

case of a plasma cloud moving between Sun and

Earth. These plasma clouds being caused by coro-The ~ Muon  Spaceweather ~ Telescope  for
nal mass ejections (CMEs) originating at the Sun Anisotropies at Greifswald (MuSTAnG) is a
produce a shock wave on the Earthward directed multi-directional muon telescope dedicated to

side of the cloud. It has been noted that those in- Spaceweather forecasting. The phase 1 telescope

terplanetary CMEs accompanied by a strong in- consists of a set of suitably arranged and coupled
terplanetary shock often form a depleted region muon detector units in two (upper and lower) lay-
of primary ga|actic cosmic rays behind the shock €rs (Flg 7’)) Directional information is derived
front during its propagation between the Sun and from the passage of muons through two, one upper
Earth. Since primary cosmic ray particles travel and one lower, detectors. In stage 1, MUSTANG
close to the speed of light and thus much faster Will be composed oft x 4 detectors of 0.25

than the interplanetary shock front (velocities in area in each layer, i.e., a total ofx 16 = 32
detectors. Thus the size of the full detector is 2 m
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Figure 2: Cross sectional view of scintilla-
tor box showing positions of scintillator plates,
wavelength-shifting fibres, and photomultiplier

. . _ modules (schematic).
Figure 1: Main frame (schematic).

] 8 photoelectrons/cm, and for a 5 cm thick plastic
x 2m =4 nt in area. An upgrade of MUSTANG  gcintillator an average signal of 35-40 photoelec-
to a larger telescope is foreseen in stage 2. trons per incident muon may be expected.
The muon detectors are arranged in detector unitsgig 27 displays the pulse height distribution at
containing 4 detectors each. Each detector unit, the output of the photomultiplier tube. The dis-
hence, consists of four scintillator plates of 5 tripytion is composed of two contributions due to
cm thickness and 0.25 %TB'Ze-. The scintillator  sjngle photoelectron events (including dark current
plates are coupled via 1 mm diameter wavelength- p|ses) at small output amplitudes and a broad dis-
shifting (WLS) optical fibres to photomultiplier tripytion at large output amplitudes due to muons.
(PMT) modules (Fig.??). Each scintillator platé  The time correlation arising from the passage of
is read-out by 17 WLS fibres that are spaced about 5 single muon through two (one upper and one
2.5 cm away from each other in keyhole-shaped |ower) detector unit recorded with a standard co-
grooves right beneath the top surface. In order to jcigence set-up employing an electronic delay of
maximize the light output each scintilliator plate the |ower detector output of 1.7 us, a time-to-
is painted with white reflective paint. The PMT  ampjitude converter and a PC-MCA card is dis-
modules are equipped with a bi-alkali photocath- pjayed in Fig.??. A pronounced time peak com-
ode of 25 mm active diameter having a quantum posed of about 25,500 true (coincident) events is
efficiency of 10-12 % at 500 nm. The PMT mod- noted while the background of false (random) co-

voltage supply. The passage of a single muon 1gg.

produces about 10,000 blue photons per MeV en-
ergy loss inside a scintillator plate, at an energy
loss of 1.8 MeV/cm Hiprefl. A fraction of typ-
ically 15 % of produced photons is absorbed by
wavelength-shifting fibres and re-emitted as green
photons. About 3 % of the re-emitted green pho-
tons are captured within the acceptance cone of the
fibre and transmitted by internal reflections to the
photomultiplier tube. The quantum efficiency of a
bi-alkali photocathode is typically 10 % for green
photons. The total yield of such a system is 7—

Output pulses from the PMT tube are further am-
plified, discriminated and, after suitable pulse-
shaping, fed into the coincidence electronics con-
sisting of a field-programmable gate array (FPGA)
logic Hipref2. The FPGA operates at 10 MHz and
provides a time resolution of 100 ns.
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Results that appeared first on 14 December 2006 at 9:00
hours UT in the vertical channel of the Sao Mar-
MuSTANG test phase began end of November tinho muon telescope, propagating to Hobart and
2006. At the time, onl x 8 = 16 detectors total- ~ Nagoya telescopes but was not recorded in Kuwait
ing 2 n? in each of the two layers were mounted. and by MuSTAnG. The lead time of this precur-

GOES-11 satellite recorded on 13 December 2006 sor is about 5 hours prior to spaceweather storm

at 2:20 hours UT an increase of solar x-ray inten-
sity by almost 4 orders of magnitude (see figure
?7), followed at 2:50 hours UT by an increase of
Hiprefnoaa solar proton intensity (kinetic energies
of < 100 MeV and < 1 MeV, corresponding to
v/e < 0.43 andv/c < 0.046, respectively, where

v is the proton velocity and the speed of light),
and by a ground level enhancement (GLE) that was
recorded by several neutron monitors also on 13
December 2006 at 02:50 hours UT hipref3. Tak-
ing the Sun-Earth travelling time into account it
appears that the: 100 MeV protons are delayed
by 15-20 min compared to GOES-11 x-ray data.
By contrast,< 1 MeV protons require a mini-
mum travelling time of 180 min and the earliest
low-energy protons thus arrived well in advance of
the scheduled arrival time. These early protons, if
originating from Sun, must either have lost a con-
siderable amount of energy before arriving in the
vicinity of Earth, or are secondary particles gener-
ated in the vicinity of Earth. A further sharp in-
crease of the< 1 MeV proton occurred on 14 De-
cember 2006 at 14.05 hours UT thereby indicating
spaceweather storm arrival at Earth.

These recordings, hence, provided the earliest

commencement Munakata. A "loss cone” pre-
cursors is caused by a strong shock accompany-
ing a coronal mass ejection and forming a de-
pleted region of galactic cosmic rays behind it Mu-
nakata2005. The present observations further in-
dicate that spaceweather forecast is greatly facili-
tated by a network of multi-directional muon tele-
scopes scanning different directions in space Mu-
nakata2001.

The Muon Spaceweather Telescope for
Anisotropies at Greifswald (MuSTAnG) be-
gan its test phase end of November 2006. The
first space weather event was recorded during
14 December 2006, in agreement with similar
observations by other muon telescopes. A "loss
cone” precursor noted about 5 hours prior to
spaceweather storm commencement provides a
further demonstration of the forecast potential of
a network of muon and neutron telescopes as was
recently emphasized by hipref4.

The authors thank their colleagues for continuing
support and discussions. This work was finan-
cially supported by the European Space Agency
(ESA) and by the Deutsches Zentrurir fLuft-

und Raumfahrt (DLR) through ESTEC contract

alerts for the upcoming space weather event caused1 8835/04/NL/MV.

by a coronal mass ejection (CME). Figf? shows
the muon count rate variation of MUSTANG during
13-17 December 2006. A clear drop of the muon
intensity on 14 December 2006 is noted, indicating
the arrival of interplanetary shocks and the associ-
ated interplanetary CME at Earth. The drop began
around 17:00 hours UT and reached the 1 % level
at 20:00 hours UT. It is confirmed by similar obser-
vations of other muon telescopes around the world,
e.g., at Sao Martinho (Brazil), Nagoya (Japan),
Hobart (Australia), and Kuwait hipref3, and coin-
cides with a pronounced enhancement of the esti-
mated (3-hourly) geomagneti€p index reaching
values of 7 during 15-18 hours and of 8 during 21-
24 hours Hiprefnoaa.

It is interesting to note that a clear "loss-cone”
precursor has been observed in the muon data
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Figure 3: Pulse height distribution of muon detec-

tor pulses.

Figure 4: Time correlation between one upper and
one lower muon detector.
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Figure 5: GOES-11 satellite data during 13 De-
cember 2006. The onset of x-ray flus){ < 100
MeV protons ¢), and< 1 MeV protons {\) is
shown (see text).
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Figure 6: Normalized muon count rate during 13-
17 December 2006. MuSTANG results) (are
compared to data of other muon space weather
telescopes in Sao Martinhe)( Hobart (), and
Kuwait (V).



